Specular microscopy can provide a noninvasive morphologic analysis of the corneal endothelial cell layer from subjects enrolled in clinical trials. The analysis provides a measure of the endothelial cell physiologic reserve from aging, ocular surgical procedures, pharmaceutical exposure, and general health of the corneal endothelium. The purpose of this review is to discuss normal and stressed endothelial cell morphology, the techniques for determining the morphology parameters, and clinical trial applications.
W ith the development of new refractive procedures such as phakic intraocular lenses, intraocular telescopes, and new topical and intraocular drugs and solutions, there is a need for standardization and validation of corneal endothelial specular microscopy. Specular microscopy is a noninvasive technique to access the structure and function of the corneal endothelium. There are multiple specular microscope companies, each capturing the cell images at different magnifications and calibrations. A multicenter clinical trial may use several specular microscope models, but it is important that individual clinical sites use the same specular microscope throughout the study to lessen potential image magnification errors. The technical skill of the individuals capturing and analyzing the images must be evaluated by using established criteria. The purpose of this review is to compare various methods of endothelial cell analysis and the variability associated with each method.
SPECULAR REFLEX LIGHT
Specular microscopy is used to view and record noninvasively the image of the corneal endothelial cell layer. 1, 2 The clinical specular microscopes are all from the laboratory microscope designed by Maurice 1 to provide a highmagnification view of specular reflected light from the corneal endothelium. The specular reflex occurs at a regular, smoothsurfaced interface of 2 refractive indices, with the light from the subject having an angle of incidence equal to the angle of reflection to the observer. The endothelial cells can be imaged because the refractive index of the endothelial cells is greater than the 1.336 value for aqueous humor, thus reflecting 0.022% of the projected light. 3 Early reports from 1920 describe the use of specular reflex light with the slit lamp to view the corneal endothelium. 4 The surface area of the specular reflex is dependent on the curvature of the reflecting surface ( Fig. 1) . Thus, light reflected from a flat surface will reproduce the area of the light source, light reflected from a cylinder will be condensed 90°t o the axis of the cylinder, and light reflected from the surface of a sphere will be condensed in all axes. Therefore, the radius of curvature of the reflecting surface dictates the area of the specular reflex.
A further restriction in the area of the light reflex is caused by the proximity of the 2 concentric surfaces (ie, the epithelium and the endothelium). The epithelial surface is highly reflective because of the large refractive index difference between air and the tear/epithelium. As the beam of light passes through the cornea, it is reflected off the tear/epithelium interface and endothelial interface. The viewable specular area is a compromise between the beam width and the corneal thickness ( Fig. 2 ). Because of this restriction, the viewable area of the endothelium is a rectangle, and the radius of corneal curvature dominates the height of the rectangle.
As the slit beam of light passes through the corneal stroma, the light will be scattered from the collagen lamellae and keratocytes and will reduce the contrast of the endothelial cell image. The light scatter is compounded by increasing the width of the beam of light ( Fig. 3) . Therefore, the left side of the endothelial image has greater contrast because the observer views the surface through minimal stromal light scatter.
The original laboratory specular microscope introduced by Maurice 1 has been redesigned by several commercial companies (Appendix 1). All the presently available instruments use computer interfacing for image capture and endothelial cell morphology analysis. The instruments can be divided into corneal epithelial cell layer contact or noncontact instruments. The contact instrument has an objective microscope lens that applanates the corneal surface, requiring a topical anesthetic. During corneal applanation, the corneal curvature is flattened and the specular reflex area is enlarged (Fig. 1 ). The noncontact instruments use automatic image focusing technology. The specular reflex area is smaller than the contact specular microscopes because of the curved corneal reflecting surface. In both cases, the viewable endothelial cell layer areas are limited by the bright epithelial reflection surface and the corneal thickness ( Fig. 2) . Therefore, the widths of the viewable rectangle of endothelial cells with the contact and noncontact specular microscopes are equivalent. The height of the viewable rectangle of endothelial cells with the contact specular microscope, and the captured endothelial cell layer image with a cell density of 2500 cell/mm 2 , will have only 700-800 visible cells. A comparable endothelial cell layer imaged with the noncontact specular microscope will have 150-170 cells.
NORMAL ENDOTHELIAL CELL LAYER MORPHOLOGY
When the human corneal endothelium is damaged, the healing is a process of cellular enlargement and spreading to create a contiguous layer of cells on the inner surface of the cornea. The degree of endothelial cell loss from, for example, disease, trauma, or chemical toxicity can be documented with specular microscopy as an increase in individual cell surface area and a decrease in the endothelial cell density for the cornea. The corneal endothelial cell wound repair is also reflected as an increase in the variation of individual cell areas, ie, polymegethism or coefficient of variation (CV). Six-sided cells are an indication of an even distribution of membrane surface tension and of normal cells. The polygon that has the greatest surface area relative to its perimeter is the hexagon. Thus, the most efficient cell shape to cover a given area is the hexagon (ie, a perfect cornea should have 100% hexagons). 5 A healthy cornea can be expected to have 60% of the endothelial cells as hexagons. Stress to the endothelial cells will result in a decrease from the normal 60% distribution of 6sided cells. The endothelial cell morphology analysis includes the following: cell area 6 SD (square micrometers), cell density (cells/square millimeter), polymegethism (CV), and pleomorphism (percentage of 6-sided cells). The cell density is determined from the average cell area with the following relationship in Equation 1: cell density ¼ 10 6 average cell area (Equation 1) with cell density (cells/square millimeter), average cell area (square micrometers), and the value 10 6 is used to convert units of measure. The patient's corneal endothelium consists of cells of various surface areas. The polymegethism value is a coefficient describing the variation in cell area. As the SD of the average cell area increases, the accuracy of the estimated true cell density decreases. Therefore, increases in polymegethism cause a decrease in the accuracy of the average cell area. Polymegethism is defined by the CV value determined with Equation 2.
CV ¼
SD cell area mean cell area; mm 2 (Equation 2) with CV as coefficient of variation and SD as standard deviation of the mean cell area. Long-term contact lens wearers and patients with diabetes develop corneal endothelial cell polymegethism while still FIGURE 2. The endothelial cell area is a compromise between the width of the light beam and the thickness of the cornea. 55 A, As the narrow slit light beam is broadened, the light reflex can be seen from the rectangular epithelial and endothelial surfaces. B, As the slit width is increased further, the epithelial surface reflex will encroach on the endothelial reflex. retaining healthy cell density for their age. [6] [7] [8] [9] [10] [11] [12] Bergmanson 10 has shown that contact lens wear can stress the endothelium to alter the lateral endothelial cell borders, resulting in the cell expressing a large anterior-surface area with a small posteriorsurface area or vice versa ( Fig. 4 ). Thus, polymegethism may not alter the cell volume while altering the appearance of the cell surface interfacing with the aqueous humor in the anterior chamber. Corneal endothelial cells are only hexagonal on the surface. 10, 13 The human corneal endothelial surface area is ;130 mm. 2, 14 The cell density of 3-to 6-year-old children was measured to be 3500-4000 cells/mm 2 (ie, there are 390,000-520,000 cells per cornea). 15 This value decreases as the juvenile gets older and the corneal surface area increases. There are many graphic plots of this relationship reported in the literature. [15] [16] [17] The noninvasive nature of the noncontact specular microscope enables data to be collected from young children (Fig. 5 ). The data from young children show a nonlinear decrease in cell density with increasing age. Published studies show that 3-year-old children can have 4000 cells/mm 2 , 2,15 middle-aged adults (30 years) can have a range between 2700 and 2900 cells/mm 2 , 2,15-17 and adults older than 75 years can have a range of endothelial cell densities between 2400 and 2600 cells/mm 2 . 2, [15] [16] [17] These values represent the white race. The Asian race has greater cell densities per given age group 18 (Fig. 6 ). The range for these mean values can be 19 showed a range of 600 cells/mm 2 at a given age, and Yee et al 20 showed a range of 1000 cells/mm 2 at a given age. The range can be caused by technique inaccuracy or natural variation in cell area. This issue will be discussed further in the text within the variations in determining endothelial cell layer cell density estimates. These issues also apply to the polymegethism (CV) values. Yee et al 20 reported a CV range of ;0.22-0.31 for young adults, with an average of 0.27. Throughout the literature, endothelial morphology has been derived from ,10 subjects per age. A larger sample population will increase the range while decreasing the SD on the mean.
The Asian race has greater cell densities per given age group 18 (Fig. 6 ).
CHANGE IN ENDOTHELIAL CELL DENSITY WITH AGE
The topic of corneal endothelial cell loss in healthy subjects with increasing age is of great concern when designing a clinical trial to assess the affects of a drug or surgical procedure on the corneal tissue. The consistent consensus is that a gradual decrease in cell density occurs with increasing age. [21] [22] [23] [24] As shown in Figure 5 and by Armitage et al, 25 the cell loss is bimodal, with 0-20 years showing a more rapid cell loss per year than subjects .20 years old. The data shown in Figure 5 Edelhauser and colleagues [28] [29] [30] observed an interesting relationship between the location of the endothelial cells and cell density decrease with age. The cell density decreases in the human cornea from the periphery to the center by 9%. 28, 30 The cell density location effect is extended with increasing age as a further decrease in cell density. 29 
REGIONAL POSTTRAUMA ENDOTHELIAL CELL LAYER MORPHOLOGY CHANGES
Documentation of potential endothelial cell stress is determined from central endothelial cell densities. If a surgical procedure is localized to a specific region of the cornea, such as the peripheral or superior, it may be necessary to capture images from several regions on the endothelium. This was the case with evaluating the effects of Intacs (Addition Technology, Des Plaines, IL) on the corneal endothelium. The U.S. Food and Drug Administration required central, 10 o'clock, and 6 o'clock peripheral readings. 31 The chronologic progression of peripheral endothelial cell layer trauma on the central endothelium must be considered when designing a data collection timetable. Inaba et al 32 examined 12 eyes after intracapsular cataract extraction. A standard 170°cataract incision in the superior limbal region was used to remove the lens without implanting an intraocular lens. The superior, central, and inferior endothelial cell densities were approximately equal before surgery. At 2 weeks after surgery, the superior endothelial cell density was greatly reduced ( Fig. 7A ). At the end of 6 months after surgery, the inferior cell density reduced from 3800 to 3500 cells/mm 2 , the central cell density reduced from 3800 to 3100 cells/mm 2 , and the superior cell density reduced from 3800 to 2500 cells/mm 2 . The same sequence of events occurred in a series of patients after extracapsular cataract extraction 33 (Fig. 7B ). The endothelial cell layer density disparity in regions remained with little change during the 1-to 12-month follow-up examinations with specular microscopy. Hoffer 34 examined a group of patients with various postsurgery durations ranging from 2 weeks to 102 months (8.5 years). The data were grouped in escalating periods and plotted relative to endothelial cell density ( Fig. 7C ). Once again, the same sequence of events occurred in this series of patients. There was a gradual unification in the endothelial cell density values for the 3 regions between the 12-and 102-month followups. Bourne et al 35 showed that 10 years after cataract extraction, eyes continued to lose endothelial cells from the central cornea at the rate of 2.5% per year. Regional trauma to the corneal endothelium is slow to show cell recovery. The central endothelium does indicate the presence of a peripheral region trauma but is presumably affected by the peripheral trauma for at least 5-8 years.
EFFECT OF CONTACT LENS WEAR ON ENDOTHELIAL MORPHOLOGY
Often, patients requesting a refractive surgical procedure may not have a history of previous surgeries but have worn contact lenses. Contact lenses can causes transient and chronic endothelial cell morphology changes. 7, 36, 37 Hirst et al 7 FIGURE 6. The cell density for Asian subjects is greater at all age ranges than that for the white race. The data points (diamonds) are from a Japanese patient group (linear line, Y = 4109 2 124X), and the data (triangles) are from a white American patient group (linear line, Y = 3254 2 121X). 18 compared 22 patients wearing polymethyl methacrylate contact lenses with a mean wearing time of 13 years to an agematched control group. There was no difference in the mean endothelial cell density, but the contact lens wearers had statistically greater polymegethism (CV) than that of the controls (P , 0.004). McLaughlin 38 found that reducing the stress from the contact lens wear may have some early effect on the endothelial cell density but did not improve the CV within a 3-year study. These studies indicate that polymegethism and pleomorphism associated with contact lens wear may not be rapidly reversible. Other authors have confirmed the observation of no difference in cell density between patients wearing PMMA contact lenses and age-matched control groups. 7, [39] [40] [41] [42] [43] 
TECHNIQUES AND ERRORS IN DETERMINING ENDOTHELIAL CELL DENSITY
The endothelial cell density analysis can be performed by the (1) comparison method, (2) frame method (fixed or variable), (3) corner method, and (4) center-to-center method ( Fig. 8 ). Regardless of the technique, accuracy is dependent on the quality of the endothelial cell image to identify individual cells. The Corneal Donor Study Group 44 determined that the cell density analysis differences between technicians using excellent-quality images was 0% 6 6%, whereas fair images had a difference of 6% 6 11%. In a similarly designed study, 45 the median differences between 2 technicians was 2% for excellent images and 4% for fair images.
The comparison method provides a subjective cell density value by a visual comparison of the patient's endothelial cell pattern to a known set of hexagon patterns for various cell densities ( Fig. 8A ). This method is typically performed while viewing the patient's endothelium or from the hexagon patterns included on the cell image window.
The frame method provides a numerical assessment of the cell density by counting the number of cells within a frame ( Fig. 8B ). To adjust for cells extending outside the frame, one counts partial cells extending over 2 adjacent frame borders as full cells. The cells extending outside the frame on the corresponding 2 adjacent frame sides are not counted in the analysis. Next, the number of cells counted in the frame is converted to cells per square millimeter. The individual cell areas and the mean endothelial cell areas are not determined. The frame method accuracy is dependent on the subjective decision to define a cell, the size of the frame, and image magnification.
In Figure 8B , 2 frames are embedded on an endothelial cell image. The white frame (area of 0.036 mm 2 ) is twice the surface area of the black frame (area of 0.018 mm 2 ). If there are 90 cells counted per 0.036 mm 2 with the white frame, the cell density is determined by following the ratio in Equation 3: 90 cells 0:036 mm 2 ¼ 32 are plotted in A to show regional endothelial cell changes after superior incision ICCE. B, ECCE patient data 33 shows regional endothelial cell changes after ECCE with IOL implantation with 1% sodium hyaluronate (Healon). C, Regrouped data 34 on regional endothelial cell changes after ECCE and phacoemulsification cataract extraction.
q 2007 Lippincott Williams & Wilkins publication 45 used a variable-frame technique in which several nonadjoining clusters of cells were analyzed within 1 endothelial cell captured frame. This approach enables noncontiguous cells to be included in the analysis, which enables images of less quality to be analyzed.
The corner method is performed with a photograph print. The intersecting cell sides are located and inputted into a digital pad to define the area of the cell polygon ( Fig. 8C ). Computer programs are used to calculate the endothelial cell morphology parameters of cell area and number of sides per cell. The corner method accuracy is determined by a subjective decision of defining the cell borders and applying the appropriate image magnification. If the endothelial cell pattern requires a paper photographic process, this will allow another opportunity for magnification errors during photographic printing, as well as during the digitizer pad magnification entry. The errors are subjective decisions of determining the cell border intersections and on the calibration and resolution of the digitizing tablet. The latter problem can be minimized by using prints with a magnification of .400. 46 The entire procedure has an estimated error rate of ;5%.
HEXAGON PATTERN
The center-to-center method is the most common technique with the specular microscope (Fig. 8D ). The Konan Specular Microscope (Konan Medical USA, Torrance, CA) is provided with KSS-300 analysis software. Other specular microscope companies provide their own software. It is a quicker data entry method and easier to approximate the center of the cells than determining the intersecting cell borders. The computer mouse is used to dot the center of the captured specular microscope digital cell image. A cluster of adjacent cells grouped in a circle or rectangle are entered with dots. A nearest-neighbor algorithm is used to calculate the area of the cell polygon. 47 The algorithm is from a pseudoinscribed circle within a central cell. The average radius to the center of adjacent cells is determined to calculate the area of the cell. The endothelial cell morphology parameters of cell area and number of sides per cell are calculated. The error rate can range from 0.5% to 5.0%. Comparison of the corner method and the center method have been reported in the literature to be equivalent. [47] [48] [49] In our experience, accuracy will depend greatly on the diligence of the technician performing the analysis.
The center-to-center method accuracy is determined by a subjective decision to define a cell, omitting a cell(s), double entering cells, centering the dot in the cell, and image magnification. The accuracy of the endothelial cell morphology analysis algorithm can be assessed by importing a perfect hexagon pattern into the KSS-300 software. Two patterns' densities were chosen for study (ie, 1700 and 2500 hexagon/ mm 2 density; Fig. 9 ). By carefully placing a dot at the hexagon center, we found that the resulting hexagon densities were 1699 6 2 cells/mm 2 (n = 10) with 91 cells counted per field and 2500 6 4 cells/mm 2 (n = 9) with 144 cells counted per field. Placing the dot off center in the cell will have minimal effect on determining the cell areas. A simple test was performed to assess the effect of off-centering the dots. Dots were placed off center by 50% (ie, halfway between the center and border of the hexagon), in a progressively increasing number of hexagons for up to 15 hexagons. The percent errors from the best center values were ,0.1% 6 0.1% for 1700 hexagons/mm 2 and ,0.1% 6 0.1% for 2500 hexagons/mm 2 . There was no progressive increase in the error per hexagon as the number of off-center hexagons increased. Off-centered dots will increase mean cell area SD but have little effect on mean cell area value, which is used to calculate cell density (Equation 1). The effect of omitting cells during analysis was evaluated by progressively omitting up to 10 hexagons randomly spaced in the field. The percent errors from omitting hexagons were 1.0% 6 0.1% per hexagon omitted for 1700 hexagons/mm 2 and 0.6% 6 0.1% per hexagon omitted for 2500 hexagons/mm 2 . The error in determining cell density from omitting cells in the analysis field was linear. If 5 hexagons were omitted per field, the total error would be 5.0% for the 1700 density and 3.0% for the 2500 density.
PATIENT ENDOTHELIAL CELL PATTERN
A tracing of the endothelial cell pattern from a patient ( Fig. 10 ) was analyzed with carefully centered dots. The pattern in Figure 10A was analyzed 10 times with 78 cells counted per analysis, yielding a mean of 1470 6 3 cells/mm 2 , CV = 41 6 1, cell area = 680 6 278 mm 2 , and pleomorphism = 45% 6 2% 6-sided cells. The pattern in Figure 10B was analyzed 10 times with 147 cells counted per analysis, yielding a mean of 2627 6 5 cells/mm 2 , CV = 48 6 1, cell area = 381 6 183 mm 2 , and pleomorphism = 51% 6 1% 6-sided cells. The analysis was performed again after off-centering 1-10 dots by 50%. The series was repeated 10 times by off-centering large cells and 10 times by off-centering small cells. The error in determining cell density by off-centering large cells was ,0.1% 6 0.1% per cell for the 1470 cell density pattern and 0.2% 6 0.1% per cell for the 2627 cell density pattern. The error in determining cell density by off-centering small cells was 20.1% 6 0.1% per cell for the 1470 cell density pattern and 20.03% 6 0.1% per cell for the 2627 cell density pattern. Off-centering the dots on a cell caused insignificant error. Offcentered dots will increase the mean cell area SD but has little effect on the mean cell area value, which is used to calculate cell density (Equation 1). The large irregular cells caused less FIGURE 9 . A perfect hexagon pattern can be imported into the Konan KSS300 software for analysis. A, 1600 density (hexagon/ mm 2 ). B, 2500 density (hexagon/mm 2 ). variability than small cells. The difference is most likely reflecting the number of cells counted rather than cell shape.
The effect of omitting a cell during analysis was evaluated by progressively omitting up to 10 large cells and 10 small cells randomly spaced in the field. The percent errors from omitting large cells were 1.0% 6 0.2% per cell omitted for 1470 cells/mm 2 and 0.7% 6 0.1% per cell omitted for 2627 cells/mm 2 . The percent error from omitting small cells was 1.1% 6 0.1% per cell omitted for 1470 cells/mm 2 and 0.5% 6 0.1% per cell omitted for 2627 cells/mm 2 . There was no progressive increase in the error per cell as the number of omitted cells increased. If 5 cells were omitted per field, the total error would be 5.1% for large cells and 5.4% for small cells omitted on a 1470-cells/mm 2 cornea and 3.4% for large cells and 2.6% for small cells omitted on a 2627-cells/mm 2 cornea.
Identifying a cell in a specular micrograph can be difficult. The cell border is defined by shadows in the image. The shadows can be incomplete around the cell or extend across the center of the cell. In each case, the subjective decision requires experience by the reader to be performed with consistency. Poor recognition of the cell borders can result in errors of omitting cells or double entering cells during the analysis. For each cell omitted from a 100-cell analysis field, there will be an ;1% reduction in the calculated cell density for an endothelial cell pattern of 2500 cells/mm 2 . The error estimate is affected by the number of cells counted and cell density. For cell densities of ,2500 cells/mm 2 , the error effect becomes greater. For each cell with an extra dot (ie, double entered), there was an ;1% (0.6%-0.8%) increase in the calculated cell density for an endothelial cell pattern of 2500 cells/mm 2 . Once again, this result is affected by the number of cells counted and cell density.
Technically, the image magnification is an automatic feature controlled by the manufacturer, but if images are imported from other specular microscopes or the instrument's calibration drifts, an error can occur. The Konan default calibration is 124 pixels per 100 mm (ie, 1.24 pixels per 1 mm on the endothelial cell image). An error in calibration will result in 1.6% cell density per calibration pixel. An error of 2-3 pixels is easy to enter while attempting to mark the distance between the 100-mm calibration ticks. Doing so can result in a 3.2%-4.8% error. The error can become significant when determining the cell density and depends on the skill of the technician and the quality of the image. It is possible to have several of the above-described error sources per image. Therefore, a 10% error in estimating the endothelial cell density is possible.
The center-to-center method, which is used by the Konan Robo Specular Microscope, requires a cell to be identified contiguous to each side of the analyzed cell. Thus, if you placed a dot on a cell and 6 contiguous cells surrounding the center cell, the analysis result would be the area of one 6-sided cell. In this example, 7 cells were used to define the area of 1 cell. As more cells are analyzed, the relationship plotted in Figure 11 is defined. A plot of the same data to determine the percent cell areas calculated from visible cells dotted for analysis is shown in Figure 12 . After 100 cells are dotted, the cell area is determined for ;70% of the dotted cells. Therefore, to calculate 100 cell areas, one must define the center of 150 cells.
ENDOTHELIAL CELL MORPHOLOGY ANALYSIS: NUMBER OF CELLS ANALYZED VERSUS POLYMEGETHISM
The number of cells counted to obtain a maximum accuracy per image has been suggested by Laing et al 21 Figure 11 is replotted as the percentage of cells dotted relative to the number of cell areas defined. If 50 cells are dotted, cell area will be defined for 45% of the dotted cells. This relationship plateaus at ;70%. patient from the center and paracentral regions. The average of the 3 images is used to define the cell density. As discussed at the end of ''Specular Reflex Light,'' the noncontact (or small field) specular microscope can capture 120-170 cells on a cornea with a cell density of 2500 cells/mm 2 . For a cornea with a cell density of 2500 cells/mm 2 , 1 capture of 120 cells per field is only 0.04% of a population of 325,000 cells per cornea. The issue of the sample representing the full population of endothelial cells on the cornea is critical.
Hirst et al 51, 52 studied the sampling accuracy from ''population estimated'' values for the corneal endothelial cell morphology of 9 patients analyzed by digitizing photographic prints of the central 3000 cells of the corneas. Hirst et al 51 evaluated the accuracy of using a 120-cell field sample in representing the ''population estimated'' morphology. They determined that there is a 21.8% chance of detecting a 10% change in the endothelial cell density of a homogeneous normal polymegethism cornea ( Table 1 ). The likelihood of detecting the 10% change in an extreme polymegethism cornea decreases to 10.8%. If 9 sample fields of the homogeneous normal polymegethism corneas are analyzed, there is a 99.4% chance of detecting a 10% change in the endothelial cell density. Comparably, in a cornea with extreme polymegethism, the likelihood of detecting the 10% change becomes 72.5%.
In Table 2 , the accuracy of the sample mean cell area is expressed as a range from the ''population estimated'' mean cell area. For example, if the ''population estimated'' mean cell area is 400 mm 2 (ie, 2500 cells/mm 2 ), 40 repeated efforts using 1 sample of 120 cells per sample field would have a range of 614.4% of the ''population estimated'' mean for a homogeneous endothelium. Thus, a sample could have a value within a range of 2138-2862 cells/mm 2 , which is a 6362 cells/mm 2 spread. Table 2 shows a reduction in the range by increasing the number of sample photographic fields used to calculate the patient's sample mean cell density. Using 3 sample fields of a homogeneous endothelium will reduce the sampling error to 67% from the ''population estimated'' mean. Because each human cornea has a unique polymegethism, it is difficult to predetermine the number of cells required to achieve a specific level of accuracy. If one assumes moderate polymegethism and 3 sample photographs of 120 cells counted per photograph, the sample mean cell area will be 68.9% from the ''population estimated'' mean cell area.
Hirst et al 52 expanded the data analyses in Tables 1 and 2 to include all the endothelial cells within the central 4-mmdiameter zone of the cornea. For homogeneous endothelial cell corneas (n = 2), they counted 25,416-28,048 cells per cornea. For moderate-polymegethism corneas (n = 4), they counted 18,912-23,036 cells per cornea. For marked polymegethism corneas (n = 5), they counted 5266-14,490 cells per cornea. By counting all the cells within the central 4 mm of the cornea, they defined the ''population'' mean for the endothelial morphology of the patient's central corneal endothelium. Photographing the entire central 4 mm of the cornea was accomplished with 26 6 6 (range, 20-41) overlapping wide-field (contact) specular micrographs. Each wide-field specular micrograph was considered to be equivalent to 25 small-field (noncontact) specular micrograph fields. In Table 3 , increasing the number of samples (;120 cells per sample) increases the chance of the sample mean's being within 10% of the ''statistical population'' mean. This observation is less likely as polymegethism increases. For example, in Table 3 , a patient with a CV of 0.29 has a 73% chance of the sample mean's being equal to the ''population'' mean with 1 photographic sample. Using 9 photographic samples increases the accuracy to 76%. Therefore, this more rigorous analysis (compared with the earlier Hirst et al publication 51 ) comes to the same conclusion but with less confidence. Even counting the entire wide-field specular micrograph did not permit a reliable estimate of the true central ''population'' mean of the corneal endothelium. If 25 random small-field (noncontact) specular micrographs (25 fields 3 1200 cells/field = 30,000 cells) were counted, 92%-23% of the sample means were within 610% of the ''statistical population'' mean in this 11-patient study. Corneas with less extreme polymegethism values range from 0.29 to 0.37 and had predictability ranging from 92% to 63%. A unique observation from the analysis was that random sampling within the central 4-mm-diameter zone of the cornea gave a better estimate of the ''population'' mean. This is an indication of endothelial cell ''clustering'' effect. The data showed how an increase in samples (images) decreases the variability. This variability relationship will be valid regardless of the specular microscope used or the analysis algorithm used.
REPEATABILITY
Jones et al 53 determined the repeatability of the Konan Robo noncontact specular microscope by capturing 36 images of each eye from 1 subject during a 4-month period. An assumption is made that the endothelial cell morphology does not significantly change during the 4-month period. The mean 6 SD cell density for OD was 2545 6 45 cells/mm 2 . Because 99.7% of a normally distributed population is within 3 SDs, the range of samples is 2680-2410 cells/mm 2 (65.3%). The mean cell density for OS was 2600 6 41 cells/mm 2 , with 99.7% of the samples within 2723-2477 cells/mm 2 (64.7%). The high level of repeatability reflects the low polymegethism of the patient at 0.27-0.28 and the skill of the technician.
Repeatable analysis is also dependent on repeatable identification of a cell (ie, the cell borders). Identification of cell borders is directly related to the image quality (ie, good, fair, poor, or impossible), which is determined by the number of cells visible in the field. Each technician may have a different subjective ability to identify an individual cell. Benetz et al 45 found that image quality evaluation of 688 images by 2 technicians was identical only 64% of the time. Specular Microscopy Reading Center repeatability is best achieved by 1 technician. Image quality labeling will be discussed further in the section entitled ''Guide for a Specular Microscope Reading Center Regarding Quality of Image Versus Number of Cells Countable.''
EFFECT OF NUMBER OF CELLS USED TO DETERMINE CELL DENSITY AND CV
The problem of sampling can be presented in the following example. A large field of ;3000 endothelial cells with a 0.25 CV value was imported into the Konan KSS-300 software (Konan Medical USA). The large field was subdivided into 16 fields of ;200 cells. Each of the small fields was analyzed for the endothelial cell morphology by counting an increasing number of cells in sets of 10, 25, 50, 75, 100, 125, and 150 cells. This effort was repeated for each of the 16 small fields, thus yielding 16 sets of data graphed in Figure 13A . The mean endothelial cell density for the 16 sets of 150 cells counted in Figure 13 is 3090 6 50 cells/mm 2 . The estimated cell density for 10 cells per sample has a range of 2907-3322 cells/mm 2 . The spread in values decreased with an increase in the number of cells counted until 125 cells were counted per sample. The characteristic spread of the cell density plot is repeated for the CV values (CV = 25 6 2) in Figure 13B . The general relationship between the accuracy in estimating the cell density and the number of cells counted in the analysis is repeated for a corneal endothelium with a 0.45 CV (Figs. 13C and D) . The major difference is the cornea nonhomogeneous with CV = 45 had a much greater spread in the data even with 150 cells counted. The mean endothelial cell density for the 16 sets of 150 cells counted in Figure 13C is 2607 6 162 cells/mm 2 .
NUMBER OF CELLS TO COUNT PER SAMPLE
A reasonable guideline for documenting a patient's endothelial cell morphology is to require, as quoted from Binder et al, 22 ''.suggesting as many areas with as many cells as possible should be counted. Furthermore, there should be 3 counts per patient from central and paracentral regions.'' For a healthy cell density subject, 150 cells per cornea should be analyzed from 3 central locations and 3 paracentral locations. The number of cells available per image sample depends on the type of specular microscope, morphology analysis algorithms, and the endothelial cell density of the patient. As described previously, the contact (or wide field) specular microscope can document 700-3000 cells per image. Only an exceptionally skilled technician can capture 3000 cells per image, but it is possible. The noncontact (small field) specular microscope can capture 120-170 cells per image. The actual number of cells per image is dependent on the endothelial cell density. Good-quality endothelial specular micrographs were documented with a Konan Robo SP8000 specular microscope from 123 patients in a clinical trial for Medennium (Irvine, CA). All the endothelial cells captured on the specular micrograph were analyzed with the Konan KSS-300 software (Fig. 14) . As the cell density decreases, the mean cell area increases, and fewer cells are on the captured micrograph. From Figure 14 , a cornea with a cell density of 2500 cells/mm 2 had 118 cells in the field. Thus, 118 is the maximum number of cells that can be counted from 1 sample field. A cornea with a cell density of 1500 cell/mm 2 had a maximum number of 66 cells. This limitation is affected if the image quality does not permit analysis of the entire sample surface area. The open circles in Figure 14 show the limitation of poor-quality images. The endothelial image of a subject with Fuchs dystrophy must be considered a poor image because of the few cells entered into the analysis (Fig. 15 ).
ENDOTHELIAL CELL CLUSTERING
Hirst et al 52 published data indicating the effect of cell ''clustering'' (see discussion relative to Table 3 ). Large-surface area cells can be grouped or clustered randomly on a background of smaller cells (Fig. 16 ). The effect is that various percentages of the cells within small-field specular micrographs can be a mixture of large and small cells, resulting in dramatic changes in the cell density and CV values from the same cornea. The effects of cell clustering can be shown in the following example. A cooperative patient was requested to focus on the central target of the Konan 8800 specular microscope while 10 images of the endothelium were recorded. Careful inspection of the images verified that a characteristic cluster of cells could be found on each of the 10 endothelial sample fields. The cell density was 2472 6 26 cells/mm 2 . The same subject was requested to select 10 locations slightly off center within a 1-mm-diameter zone. The cell density was A t test comparison of the 2 sets of data had a probability of P , 0.0001. A statistical conclusion to be drawn is that the 2 datasets were taken from different subjects. The disparity can be explained by the presence of cell clustering captured in the second set of images.
CELL DENSITY ANALYSIS RELIABILITY IN CLINICAL TRIAL DATA
The ideal specular microscopy study would be performed by 1 technician at 1 clinical site with 1 specular microscope model. One technician should capture all the endothelial cell images. One technician should analyze all the specular micrographs, which would give uniformity in the subjective decision of identifying cells. This analysis for the estimated cell density can have a 62% to 65% variability. This is not the case with a multicenter clinical trial. Instrument model variability and/or settings can vary between clinical sites. A busy clinic will use a technician who can provide only a small portion of his time and energy into fine-tuning his specular microscopy skills. There are often several technicians assigned to perform the specular microscopy. After the clinical trial sponsor selects the clinical site and then orientates and provides training and/or evaluation of the technician, there is a delay in initializing the data collection plus a prolonged patient entry into the study. All of these issues with a multicenter clinical trial compound the variability in the quality of specular micrographs collected.
Repeatability was assessed retrospectively in a group of 58 healthy subjects with endothelial cell morphology analysis performed at a Specular Microscopy Reading Center by using 1 technician to analyze the images. 54 The multicenter clinical trial enrolled subjects with macular degeneration for unilateral intraocular surgery. The control eyes of these subjects were recruited at 7 centers; 1 center had 21 subjects (36%), and at the other centers, the number of subjects ranged from 4 to 9. Endothelial cell measurements were made at 2 time points ;12 weeks apart, with a range of 11-13 weeks. The mean CV for the subjects was 36 6 6 (SD). The mean endothelial cell density was 2700 6 338 cells/mm 2 at the first time point and 2694 6 340 cells/mm 2 at the second time point (paired t test, P = 0727). Differences were calculated by subtracting the value at the first time point from that of the second. The mean difference was 25 6 114 cells/mm 2 , and as shown in Figure 17 , the difference did not vary with the magnitude FIGURE 17 . The difference of the 2 measurements for a subject is plotted versus the mean of the 2 measurements. Reference lines are shown at the mean difference (25 cells/mm 2 ) and at 61.96 multiplied by the SD of the difference (114 cells/mm 2 ) to show the limits within which 95% of the differences would be expected to lie. Figure 18 shows that the difference was normally distributed, and therefore an estimate for the repeatability is given by 61.96 multiplied by the SD (68.2%). Because the 95% confidence interval for the SD of the percentage difference was 3.5%-5.1%, an estimated range for the repeatability is 66.9% to 610.0%. Thus, the repeatability of performing the endothelial morphology analysis for a multicenter clinical trail had a spread in the data of 68.2% for 95% of the patients with a confidence interval of 66.9% to 610.0%. Accurate baseline specular micrographs are important because the change in subsequent cell morphometric analysis is from the baseline specular micrographs.
PRACTICE STANDARD IMAGES
To practice and evaluate the skill of the technician performing the endothelial cell analysis, a set of practice images can be imported into the Konan KSS-300 version 2.20 software (Konan Medical) or other acceptable endothelial cell morphology analysis software. The endothelial cell layer print or computer file should have a 100-mm calibration bar or tick marks embedded on the image. The Konan KSS-300 will permit loading a .jpeg image file and a bitmap image file. The imported image should be recalibrated within the KSS-300 software. The default Konan captured endothelial cell image calibration is 124 pixels per 100 mm. A scanner bed scaling factor should be selected so the final scanned image will have a reentered calibration of ;124 pixels. This will retain uniformity of magnification between image sources. The entered calibration will be saved as part of the loaded image file. Future loaded images will automatically default to the manufacturer's setting unless the calibration sequence is activated.
A set of 3 practice images a technician can use to practice and evaluate their skill is shown in Figure 19 . The images are a hexagon pattern and tracings of 2 patient endothelial cells. By changing the scanner bed scaling factor, various cell densities can be imported.
GUIDE FOR A SPECULAR MICROSCOPE READING CENTER REGARDING QUALITY OF IMAGE VERSUS NUMBER OF CELLS COUNTABLE
A Specular Microscopy Reading Center should classify the quality of the images by the percent area of contiguous countable cells relative to the maximum Konan field of cells (240 3 350 mm; Table 4 ; Fig. 20 , example cell images). Such a classification will be important in the final assessment of the reliability of the mean endothelial density in a cohort of subjects.
The number of cells visible and countable in a photographic field is indirectly related to the cell density. In a theoretical example with a maximum Konan field of cells at 240 3 350 mm and a cell density of 2400 cells/mm 2 , there will be a maximum of 202 cells per field. The postalgorithm analysis will have a maximum cell count of ;140. With the above classification scale, the maximum number of cells counted for 2 cell densities is listed in Tables 5 and 6.
GUIDELINES FOR SPECULAR MICROSCOPY IN FDA CLINICAL TRIALS
Coordinating a multiclinical site to perform specular microscopy with a large patient base is many times more difficult than an in-house study. To minimize the variables, the study director should attempt to have all the clinical sites use the same specular microscope and provide training to the technician as to how to take a good specular micrograph and identify a good-quality image ( Table 4 ). The suggestion is to use a small-field, noncontact specular microscope model with automatic focusing and digital image capture. As discussed previously, a large-field sample of endothelial cells is best, but the tradeoff of patient comfort with a nonocular contact is warranted. One technician per clinical site should be assigned to the task. The clinical trial sponsor should review the technical skill with the clinical site technician. It is important to provide to the clinical site technicians a set of endothelial cell image examples representing the acceptable quality of the images for the clinical trial data (Fig. 20) . The sponsor should reevaluate the skill of specular image photography periodically during the study. If there is a change in technical personnel at the clinical site, the sponsor should reassess the assigned technician's skill. The images can be forwarded to the endothelial cell morphology reading center on computer disks or by e-mail. Analysis of the endothelial cell morphology relies on a subjective decision to identify cell boundaries. One technician should be used at the reading center to analyze cells, thus providing a greater level of uniformity in the analysis than having the technicians at the clinical site determine the endothelial cell density. Calibration targets can be obtained from the manufacturer of the specular microscope to confirm the image magnification. Calibrating each specular microscope in a multicenter clinical trial can be a daunting task. The subjects in the clinical trial will have unique baseline values, and the object of the analysis is to determine the change in cell density during the study. Precise calibration of the individual specular microscope is not as important as a constant calibration throughout the study. Endothelial cell images captured with the Konan specular microscope at a resolution of 640 3 480 pixels can be imported into the Konan KSS-300 morphology analysis software with the instrument's default calibration. All other endothelial cell images imported into the morphology analysis software must have a calibrated distance embedded on the image. For example, the Konan Robo specular images have 100-mm tick marks, whereas the Topcon SP200P does not include a calibration marker but can superimpose an analysis box of known dimensions. Most multicenter clinical trials will have multiple specular microscope models. It is critical for the reading center to establish standard operating procedures for each clinical site depending on the specular microscope in their clinic. The reading center should analyze as many cells as the image field provides and transfer the analysis data to a Microsoft Excel spreadsheet for statistical analysis by a third party. The data should include image quality, cell density, cell area, cell area SD, polymegethism, pleomorphism, and number of cell analyzed.
